The land-snail genus Corilla is endemic to Sri Lanka and India's Western Ghats. The ten extant Sri Lankan 28 species belong to two distinct shell forms that are associated respectively with lowland and montane 29 rainforest. We here present the first molecular phylogenetic analysis for Corilla. Our dataset includes nine 30 2 nominal Sri Lankan species and is based on three mitochondrial genes (CO1, ND1 and 16S). Although the 1 deeper nodes in the trees are not fully resolved, the results do suggest speciation in Corilla has involved 2 repeated, ecologically-driven convergence in shell form. The mtDNA data agree with the current shell-based 3 taxonomy for C. adamsi, C. beddomeae, C. carabinata, C. humberti and C. colletti, consistently supporting 4 the first four as monophyletic, and supporting the last also as monophyletic in nearly all analyses. Corilla 5 adamsi, C. beddomeae and C. colletti may each contain at least one additional, previously-undescribed 6 species. The relationship between northern and eastern C. odontophora couldn't be reliably resolved, but our 7 results suggest that they are distinct species and that there is further species-level or intraspecific 8 (geographical) differentiation within eastern C. odontophora. The current, morphologically-defined species 9 limits of the three remaining nominal species, C. gudei, C. erronea and C. fryae, are inconsistent with the 10 mtDNA sequence data. Northern and southern C. gudei appear to be distinct species: the sister taxon of 11 southern C. gudei is C. humberti, and in the Bayesian trees alone the sister taxon of northern C. gudei is the 12 lowland C. carabinata. Corilla erronea and C. fryae constitute a well supported clade in which both nominal 13 species are paraphyletic. While most intra-clade CO1 p-distances are moderate to relatively large, the 14 phylogenetic structuring within the clade does not seem to correspond to any obvious morphological, 15 elevational or geographical patterns. These results are difficult to interpret, and further detailed study is 16 needed before the taxonomic status of C. erronea and C. fryae can be resolved.
Introduction 21 22
The native land-snail fauna of the Western Ghats-Sri Lanka biodiversity hotspot is phylogenetically diverse 23 and is dominated by species endemic to the region, many of them belonging to genera endemic or largely 24 endemic to the Western Ghats and Sri Lanka (Raheem et al., 2014) . One of the genera endemic to the hotspot 25 is Corilla H. & A. Adams, 1858, the sole representative of the stylommatophoran family Corillidae, a 26 putative Gondwanan relict (Naggs & Raheem, 2005) . Species of Corilla inhabit tropical rainforest and moist 27 monsoon forest, where they are usually found on the forest floor, among leaf litter and decaying wood. The 28 current species-level taxonomy for Corilla largely follows Gude's (1896a Gude's ( , 1896b Gude's ( , 1914 
revisionary work, 29
and is based entirely on shell morphology, the key characters being shell shape and size, the form of the lip, 1 the arrangement of the folds inside the mouth of the shell (the palatal and parietal folds) and shell sculpture. 2 Species identification within this taxonomic framework is generally straightforward, but the status of these 3 nominal species as monophyletic taxa has not been investigated and molecular phylogenetic studies of this 4 genus have still to be carried out. 5 6 Taxonomic diversity in Corilla is concentrated in Sri Lanka, where ten of the 11 extant species occur, 7 all endemic to the island (Gude, 1914; Barnacle, 1956 ) and all highly restricted in distribution (Figs. 1A, B) . 8
The Sri Lankan species belong to two distinct shell forms that are associated respectively with the forests of 9 the lowlands (lowland rainforest and moist monsoon forest occurring up to an elevation of 1000 m, Legg and 10 Jewell, 1995) and the mountains (submontane and montane rainforest above elevations of 1000 m, Legg and 11 Jewell, 1995) . The lowland species are Corilla adamsi (Gude, 1914) , C. carabinata (Férussac, 1821) , C. 12 colletti Sykes, 1897 and C. lesleyae Barnacle, 1956 , all of which are parapatric/allopatric. The montane 13 species comprise three parapatric/allopatric taxa, C. gudei Sykes, 1897 , C. humberti (Brot, 1864 , C. 14 odontophora (Benson, 1865) , and three partly sympatric ones, C. beddomeae (Hanley in Hanley & Theobald, 15 1876), C. erronea (Albers, 1853) and C. fryae Gude, 1896 . The shells of the lowland species are wide-lipped 16 and dull yellow or red-brown in colour, whereas montane species possess narrow-lipped shells that are black 17 or dark brown (Figs. 1C, D) . These differences may have evolved once, reflecting sustained independent 18 diversification within lowland and montane rainforest regions. Or, they may have evolved several times with 19 closely-related species diverging in bioclimatic distribution and morphology and distantly related species 20 converging on similar bioclimatic distributions and morphology. Exploring the evolutionary basis of these 21 differences will provide new insights into the relationship between species diversification and the evolution 22 of habitat-specific morphological characters in rainforest taxa. This is a neglected topic in rainforest research 23
(but see Dowle et al., 2015) -the major focus among workers has been on issues such as the phylogenetic 24 relationships between lowland and montane taxa, the role of specific extrinsic factors (e.g. palaeo-climatic 25 change, tectonic changes such as mountain uplift) in speciation, and the timing and rate of diversification 26 (e.g. Moritz et al., 2000; Elias et al., 2009; Santos et al., 2009; Fjeldså et al., 2012; Leubert and Wiegand, 27 2014) . 28 29 dataset was divided into seven data blocks: six separate blocks for the first, second and third codon positions 23 of CO1 and ND1 and a seventh block for 16S. This scheme was analysed using PartitionFinder version 1.1.1 24 (Lanfear et al., 2012) and the best-fit combinations of partitioning schemes and nucleotide substitution 25 models were selected. The settings common to all PartitionFinder analyses were branchlengths = linked, 26 model_selection = BIC (Bayesian Information Criterion), and search = all. For MrBayes datasets the models 27 option in PartitionFinder was set at 'mrbayes' (i.e. the option specifying the 24 nucleotide models available 28 in MrBayes), and for RAxML datasets this option was set at 'GTR+G' (the GTR model with gamma-shaped 1 rate variation across sites), with RAxML also being implemented at the command line (Lanfear, 2013) . 2 3 Each MrBayes analysis involved two independent MCMC runs (with four chains per run) for 20-40 4 million generations, sampling every 1000 generations, and discarding the first 25% of samples as burn-in; 5 each analysis was repeated at least once. All analyses were run until the average standard deviation of split 6 frequencies dropped and remained below 0.01; convergence was also assessed by examining the other 7 diagnostics (i.e. the Potential Scale Reduction Factor for the various model parameters including the branch 8 and node parameters) and summary statistics (e.g. plot of the generation vs. the log probability of the data 9
given the parameter values) reported to the MrBayes log file, as well as by analysing the trace files generated 10 by the MCMC runs using Tracer v. 1.6 (Rambaut et al., 2014) . Each RAxML analysis involved a single 11 programme run and consisted of a rapid bootstrap analysis with the extended majority rule boot stopping 12 criterion (maximum of 1000 bootstrap replicates), followed by a search for the best-scoring ML tree 13 (Stamatakis et al., 2008; Pattengale et al., 2010; Stamatakis, 2014b) ; each run was repeated at least once. As 14 recommended by Stamatakis (2014b) , the model of nucleotide substitution used for the RAxML analyses 15 was GTR+G. Trees were rooted on the outgroup taxon L. fulica using the tree-viewing software FigTree (v. 16 1.4, Rambaut, 2006 -2012 . Branches with bootstrap values ≥70% and posterior probabilities ≥0.95 were 17 considered to be well/strongly supported (Hillis and Bull, 1993; Alfaro and Holder, 2006) , and we treated 18 branches with bootstrap values <70% and posterior probabilities <0.95 as not being reliably resolved. 19 20 Substitution saturation of the third codon position of CO1 and ND1 was assessed for the 42 Corilla 21 sequences using Xia's method (Xia et al., 2003; Xia and Lemey, 2009 ) and the software DAMBE v.5.5.1 22 (Xia, 2013). For both CO1 and ND1, there was little saturation of the third codon position assuming a 23 symmetrical topology (Iss < Iss.c, p < 0.01, number of OTUs = 8), but substantial saturation assuming an 24 asymmetrical tree topology (Iss < Iss.c, p > 0.01, number of OTUs = 8). Therefore, all Bayesian and ML 25 analyses were undertaken both including and excluding the third codon position of CO1 and ND1. 26
27
Pairwise uncorrected p-distances were calculated for CO1 using MEGA6 (Tamura et al., 2013) and 1 were summarised on the basis of selected clades/samples. Additional support for these clades/samples was 2 obtained by examining the 16S and ND1 alignments of Corilla (42 sequences) for differences in indels. 3 4 5 6
Results 7 8
The phylogenetic analyses of the two mtDNA datasets (including and excluding the two samples of C. 9
colletti, 5 and 6, see Table 3 for properties) yielded similar results (Table 4) . When the third codon positions 10 of the protein coding genes were excluded the resulting trees were less well resolved and branch support 11 generally declined (Table 4) . Nevertheless, the results were consistent with the analyses based on the 12 complete CO1 and ND1 datasets, so unless stated otherwise we focus here on the complete datasets. 13
14
The monophyly of Corilla was well supported in all our analyses ( The sister-group relationship between C. beddomeae and all other Sri Lankan Corilla was consistently 21 well supported in the Bayesian analyses. It was well supported (bootstrap value ≥76%) in the ML analyses 22 only when C. colletti 5 and 6 were excluded (analyses 4 and 8 in Table 4 ). This sister-group relationship was 23 only weakly supported in the ML analysis of the complete dataset (analysis 2, Table 4 ), whereas all the 24 deeper nodes within Corilla were not reliably resolved in the ML analysis excluding the CO1 and ND1 third 25 codon positions (analysis 6, Table 4 ). While most of the deeper nodes within the sister clade of C. 26 beddomeae (Clade A of Fig. 2) were not reliably resolved in both Bayesian and ML analyses, the Bayesian 27 analyses (analyses 1, 3, 5 and 7 in Table 4 ) always recovered a well supported sister-group relationship 28 between the lowland C. adamsi and all the remaining species in Clade A (Clade B in Fig. 2) . 29
1
The monophyly of four of the nine nominal species, C. adamsi, C. beddomeae, C. carabinata and C. 2 humberti, was consistently well supported. The monophyly of a fifth nominal species, C. colletti, was also 3 well supported in nearly all analyses. When all the samples of C. colletti were included (analyses 1, 2, 5 and 4 6 in Table 4 ) two deeply-divergent and well supported sister clades were usually recovered for C. colletti: 5 one clade from the western part of the range (C. colletti 1-4) and one from the east (C. colletti 5 and 6). In 6 the ML analysis excluding the CO1 and ND1 third codon positions, the western clade of C. colletti was well 7 supported, but relationships between it and C. colletti 5 and 6 were not reliably resolved. 8
9
Our results are consistent with the non-monophyly of each of the remaining nominal species of Corilla. 10
Both C. erronea and C. fryae were paraphyletic and together formed a well supported clade (C. erronea-11 fryae clade of Fig. 2 ) with substantial mtDNA diversity (e.g. compare with C. carabinata). In the case of C. 12 gudei, the southern haplotype (C. gudei 3) was consistently well supported as sister to C. humberti, whereas 13 in the analyses including the complete CO1and ND1 datasets (analyses 1-4 in Table 4), the two northern 14 haplotypes (C. gudei 1 and 2) formed a well supported sister-group relationship with C. carabinata. For C. 15 odontophora, the three eastern haplotypes (C. odontophora 1a, 1b and 2) formed a well supported clade, but 16 their relationship to the northern haplotype (C. odontophora 3) was not reliably resolved. 17
18
Corilla beddomeae comprised two relatively deeply divergent and well supported clades, corresponding 19 to haplotypes from the western extremity of the range (C. beddomeae 1a and 1b) vs. all the other haplotypes 20 (C. beddomeae 2a-5). Corilla adamsi also comprised two relatively deeply divergent lineages, the northern 21 haplotype (C. adamsi 1) vs. a well supported clade of the southern haplotypes (C. adamsi 2-4). Less marked 22 divergences were present in the southern clade of C. adamsi (C. adamsi 2 vs. 3 and 4), and in eastern C. 23 odontophora (one population represented by C. odontophora 2 vs. a second population, C. odontophora 1a 24 and 1b). Corilla carabinata comprised a well supported clade of northern haplotypes (C. carabinata 2-5) and 25 its sister, the haplotype from the south (C. carabinata 1). 26
27
The Bayesian and ML analyses of the 42 sequences of Corilla on their own (see Supplementary Table  28 S1 for dataset properties and Supplementary Table S2 for support values of selected clades) were consistent 29 with the analyses of Corilla and the five other stylommatophoran genera. The key findings were that clades 1 A and B (Fig. 2) were consistently well supported and that the clade comprising C. carabinata and northern 2 C. gudei was well supported in all but one of the analyses. 3 4 P-distances for the CO1 gene (see Table 5 for summary, and Supplementary Table S3 The clades within C. adamsi, C. beddomeae, C. carabinata and C. colletti are characterised by 27 differences in 16S indels ( Table 6 ). Northern and southern C. adamsi differed at seven indel positions, the 28 two sister clades within C. beddomeae at eight indels, southern and northern C. carabinata at two indels and 29 western and eastern C. colletti at one indel. In addition, northern and southern C. gudei differed from each 1 other at seven indels and eastern and northern C. odontophora at five indels. The ND1 sequence alignment of 2 Corilla (440 bp in length) contained an indel at positions 383-385 and only C. colletti 3 had a codon (GAA) 3 at this indel. The monophyly of Corilla was well supported in both Bayesian and ML analyses. Although the Bayesian 10 analyses suggest that the Plectopyloidea (the superfamily comprising the Plectopylidae, Corillidae and 11 , Nordsieck, 1986, Bouchet and Rocroi, 2005) are non-monophyletic, overall our data shed little 12 light on the relationships among Halongella (Plectopylidae), Sculptaria (Sculptariidae) and Corilla 13 (Corillidae). 14 15
Sculptariidae
We found strong support for the montane species C. beddomeae being sister to all other Sri Lankan 16
Corilla. Several studies on the diversification of rainforest taxa have shown that while montane taxa have 17 frequently evolved from lowland ancestors (Moritz et al., 2000; Fjeldså et al., 2012; Wesener et al., 2011) , 18 some diverse lowland taxa have a montane origin (Elias et al., 2009; Santos et al., 2009; Fjeldså et al., 2012; 19 Leubert & Wiegand, 2014) . The pattern for Corilla is unclear because the deeper nodes in both Bayesian and 20 ML trees were not reliably resolved. Nevertheless, the results do suggest that lowland and montane shell 21 forms have evolved on at least two separate occasions. Speciation thus appears to have involved repeated, 22 ecologically-driven convergence in shell morphology; to our knowledge the only broadly comparable data 23 are for two distantly-related lineages of the pulmonate land snail Placostylus on New Caledonia (Dowle et 24 al., 2015) . Improving phylogenetic resolution is essential for a clearer understanding of diversification in 25
Corilla. 26 27
The mtDNA data agree with the current shell-based taxonomy for C. adamsi, C. beddomeae, C. 28 carabinata, C. humberti and C. colletti, supporting the first four as monophyletic, and supporting the last as 29 monophyletic in most analyses. The relatively deep phylogenetic divergences within C. adamsi, C. 1 beddomeae and C. colletti are reflected in large CO1 p-distances (i.e. comparable to those among most 2 nominal species) and are characterised by differences in one or more 16S indels. This evidence suggests that 3 these three nominal species may each contain at least one additional species that has yet to be described. 4
5
The presence of an extra codon in the ND1 sequence of C. colletti 3 together with the relatively small 6 CO1 p-distances among members of the western clade of C. colletti suggest a possible case of intraspecific 7 geographic differentiation. C. colletti 3 is from a site (~1200 m) close to the summit of the Rakwana Massif 8 (Fig. 1A) , whereas all the other members of the western clade of C. colletti are from lowland sites to the 9 south and north. The shallow divergence between southern and northern C. carabinata may also indicate 10 intraspecific geographical differentiation. The relationship between the northern haplotype and eastern clade 11 of C. odontophora was not reliably resolved. Nonetheless, the mean CO1 p-distance between these two 12 groups is similar to most interspecific p-distances and to p-distances between the deeply-divergent clades 13 within C. adamsi, C. beddomeae and C. colletti. This coupled with the differences in 16S indels points to the 14 possibility that northern and eastern C. odontophora are separate species. The deep divergence within eastern 15 C. odontophora (C. odontophora 2 vs. 1a and 1b, Fig. 2 ) and the correspondingly large mean CO1 p-16 distance also suggests a further species-level split or possible geographical differentiation. 17
18
The current, morphologically-defined species limits of the three remaining nominal species, C. gudei, 19 C. erronea and C. fryae, are inconsistent with the mtDNA sequence data. Corilla gudei is a montane species 20 restricted to the Knuckles Massif (Fig. 1A) , an isolated mountain range located to the north of the Central 21
Highlands, and haplotypes from the northern and southern parts of this range were included in the study. The 22 sister taxon of southern C. gudei is C. humberti from the Central Highlands and in the Bayesian trees alone 23 the sister taxon of northern C. gudei is the lowland C. carabinata. These findings suggest that northern and 24 southern C. gudei are distinct species; the high mean CO1 p-distance between northern and southern C. 25 gudei and the differences observed at seven 16S indel positions provide further support for this. Preliminary 26 data also indicate that the shells of northern and southern C. gudei differ very subtly. The shell sculpture of 27 all Corilla (Figs. 1E, F) consists of striae (shallow incised lines) and/or ribs (raised lines) corresponding to 28 the direction of growth of the shell and running parallel to the edge of the lip (i.e. collabral sculpture sensu 1 Cox, 1960). In northern C. gudei the collabral sculpture is generally stronger than in southern C. gudei. 2 3
The divergence between C. humberti and southern C. gudei is noticeably shallow in comparison to all 4 other interspecific divergences in the tree (Fig. 2) and this is reflected in a relatively small mean CO1 p-5 distance (7.1%); there were also no differences in 16S indels. We would argue, however, that because 6 southern C. gudei and C. humberti are conchologically very different (C. humberti is the only montane 7 species without palatal folds in the mouth of the shell) they are distinct species. These snails also occur in 8 disjunct mountain ranges and have distinct elevational ranges (southern C. gudei, 1180-1370 m, C. humberti, 9
1640-2025 m). 10 11
Corilla erronea and C. fryae are confusingly similar in their shell morphology (see descriptions by 12
Albers, 1853; Gude, 1896a), with both species sharing a previously unreported, yet highly distinctive 13 character not found in other extant Corilla species (the collabral sculpture of the shell is intersected by faint 14 striae running in the opposite direction, Fig. 1E ). Following traditional usage and as followed here, C. fryae 15 is the name used for specimens from the southwestern sector of the Central Highlands, whereas C. erronea 16 refers to individuals from other montane areas. Our results show that specimens identified as C. erronea and 17 C. fryae constitute a well supported clade in which both nominal species are paraphyletic. The mean CO1 p-18 distance among members of the C.erronea-fryae clade is small, but most values range from 7.8%-10.2% and 19 are thus larger than the mean CO1 p-distance between C. humberti and southern C. gudei. While these 20 moderate to relatively large CO1 p-distances reflect substantial mtDNA sequence diversity, the phylogenetic 21 structuring within the C.erronea-fryae clade does not seem to correspond to any obvious morphological, 22 elevational or geographical patterns. These results are difficult to interpret, and further detailed study is 23 needed before the taxonomic status of C. erronea and C. fryae can be resolved. 24
25
Future research needs to address three crucial issues. First, phylogenetic resolution has to be improved, 26
likely through additional sampling of loci. Second, more populations need to be sampled. Many/most of the 27 populations sampled for this study are represented by only a single haplotype, and most species have been 28 inadequately sampled across their geographical range. For example, southern C. gudei was represented by 29 only a single individual, and only two of the three localities given in the original description of C. 1 odontophora were sampled in this study. Third, detailed studies are needed on the internal anatomy of 2 Corilla. Apart from brief descriptions of the genitalia and radula of C. erronea and C. humberti (Semper, 3 1870, pp. 100-102; Pilsbry, 1894, p. 147-149; Pilsbry, 1905; Godwin-Austen, 1907, p. 199-201) , published 4 data on the anatomy of Corilla are scarce. At present we do not know which internal anatomical characters if 5 any correspond with key shell-based characters and how useful such anatomical characters might be in 6 discriminating between taxa that are morphologically very similar. (Fig. 1 to appear in colour, Fig. 2 in black-and-white Table 1 for sample codes). The distributional limits (approximating to extent of occurrence sensu 4 Gaston, 1991) are based on unpublished distributional data from field surveys and museum collections 5 (primarily two Sri Lankan institutions the Colombo Museum and the University of Peradeniya, and the 6 Natural History Museum, London, UK). These data consist of >200 individual records and date mainly from 7 the last 3 decades. A, the 3 lowland species (C. adamsi, C. carabinata and C. colletti) and 3 of the montane 8 species (C. beddomeae, C. gudei and C. humberti); B, the 3 other montane species (C. erronea, C. fryae and 9 for Corilla and some other stylommatophorans with Lissachatina fulica as the outgroup (see Table 3 (1914) . Sampled type localities are indicated by an asterisk. The DNA sequence data for Albinaria caerulea, Cornu aspersum and Lissachatina fulica are from complete mt genomes generated respectively by Hatzoglou et al. (1995) , Gaitán-Espitia et al. (2013) and He et al. (2014 Table 5 . p-distances between 42 Corilla sequences based on CO1 (459 bp). Distances have been pooled to correspond with the clades/groups shown in Fig. 2 , and are gives as ranges (in plain font) and as means (bold font). Distances for members of the same clade/group are in the shaded cells. The letters N, S and E indicate north, south and east respectively. Table 6 . Indels in the aligned 16S region of Corilla (42 sequences, 462 bp) that define some of the clades discussed in the text. Shading indicates indels consisting of ≥2 base positions. Clades/groups follow Fig. 2 . The letters N, S and E indicate north, south and east respectively. 12  13  43  44  46  50  51  157  163  198  243  244  245  246  283  284  285  299  303  304  305  306  307  312  325  326  327  346 432 Table S3 . P -distances between 42 Corilla sequences based on CO1 (459 bp). Shading indicates distances among members of the same clade and/or nominal species. 194 0.196 0.194 0.192 0.196 0.198 0.190 0.190 0.190 0.194 
C. odontophora).
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